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Introduction

45
The behaviour of the plantar heel pad has been the topic of considerable research because it forms a 46 critical interface with the supporting surface. It is affected by aging and disease and is the site of pain 47 [1, 2, 3] . Study of heel pad behaviour has been achieved through experimental [4, 5, 6] and numerical 48 methods, particularly Finite Element Analysis (FEA) [7, 8, 9] . The latter provides data such as the 49 distribution of internal tissue stress that cannot be experimentally measured. However, for FEA 50 models to prove effective they should be based on geometric and material properties that ensure the 51 model behaviour is sufficiently close to in-vivo heel pad behaviour, as seen during human gait. 52
In most Finite Element (FE) models, hyperelastic rather than viscoelastic material models were used 53 to simulate nonlinear behavior of the heel pad [7, 8, 9, 10] . Results from these studies were limited to 54 static or fixed loading rates due to the absence of a dynamic in-vivo system that allows compression of 55 plantar tissues at various high speeds, whilst also providing the data required for estimation of 56 viscoelastic parameters and validation. 57
In addition, the heel pad is typically modelled as a homogeneous single-layer material rather than an 58 in-vivo tri-layer biological structure (macro, micro and skin layers) [7, 10, 11] . In a few cases, the heel 59 pad was modelled as a dual-layer composite structure (fat and skin), but this ignores the different 60 behaviours and interactions between micro and macro layers [8, 9, 12] . This may compromise the 61 ability of FEA to predict internal stresses. 62
A further issue with some of the models reported thus far is that experimental data were obtained ex-63 vivo [12, 13, 14, 15] . Tissue dissection disrupts the normal in-vivo tissue constraints and the effects of 64 time and loss of vascular supply are not fully understood [16] . Clearly, in-vivo methods at appropriate 65 loading rates are preferred over ex-vivo approaches. 66
In summary, most of heel pad models are limited by excluding viscoelastic effects and/or using less 67 than three layers. Moreover, some approaches to validation may not test models with sufficient rigour. 68
Hence, the objective of this work was to estimate hyperelastic and viscoelastic material properties of 69 'macro-chamber', 'micro-chamber' and 'skin' layers using inverse FEA and in-vivo experimental 70 data. 71
Methods
72
Finite Element Model 73
indentation plate of the STRIDE was modelled as a rigid structure (Figure 1 ). Tied contact was 101 defined between the parts of the heel model and frictionless surface-to-surface contact was defined 102 between the indentation plate and heel skin. 103
The macro-chamber, micro-chamber and skin were modelled as nonlinear viscoelastic materials 104 (Figure 1 ). The first-order Ogden model was used to represent the hyperelastic behaviour of heel pad 105 tissues as done previously [7, 8, 9] . The corresponding material properties appear in the strain energy 106 function as follows 107
(1) 108 where λ [1] [2] [3] are the principal stretches in the x, y and z directions respectively, µ is the shear modulus, 109 and α is the deviatoric exponent (µ and α being the hyperelastic material parameters). Viscoelastic 110 tissue behaviour was modelled using one generalized Maxwell element for the viscoelastic overstress The focus of the reported work is to identify the properties of and model the heel pad. However, the 126 surrounding tissues that constrain the heel pad must also be modelled adequately enough to provide 127 realistic boundary conditions. Therefore, to simplify the FE model, the plantar fascia and muscle 128 tissues were modelled as linear elastic materials. However, the literature contains limited reports 129 concerning the material properties of muscle tissues and plantar fascia and, in most other FE studies, 130 the foot muscles have been merged with the heel pad tissue and assigned the same material properties 131 [19, 20, 21] . Moreover, the plantar fascia has previously been modelled with tension-only truss 132 elements with Young's modulus determined from tensile tests [19, 20, 22] . Since there is poor 133 agreement between studies, a series of parametric studies was conducted to assess the sensitivity of 134 the FEA results to the material properties used for the plantar fascia and muscle tissue. Different 135 material properties, derived from published data [21, 22, 23, 24, 25] , were assigned to the plantar 136 fascia and muscle tissue and this revealed only a small effect on the force-strain behaviour of the heel 137 pad (Root Mean Square (RMS) error <1.5% and <0.67% max force for the plantar fascia and muscle 138 tissue respectively). The initial material properties derived from published literature were therefore 139 used to start the FEA (Table 1) . 140 
Experimental Acquisition of Force and Tissue Displacement Data 144
The aim of this stage was to perform a series of slow and rapid compression tests on the same heel 145 used to generate the geometric model and obtain the force-strain responses of the heel pad and its sub- The force-strain responses of the heel pad and its sub-layers indicated that their behaviours are 195 nonlinear with an initial low stiffness region, followed by increasing stiffness. The results showed that 196 the macro-chamber, micro-chamber and skin layers formed 76.4, 14.7, and 8.9% of the unloaded heel 197 pad thickness respectively. Test results showed that the resistance of the heel pad is increased by 198 increasing loading velocity. During slow compression (5mm/s), an average load of ~73N was required 199 to obtain a 36.5% strain of the heel pad, whereas ~96N and ~114N were required at constant 200 velocities of 141 and 225mm/s. The increase in loading velocity resulted in an increase in Energy 201
Dissipation Ratio (EDR). For compression at 141mm/s, EDR was 63.3%, whereas it was 76.1% at 202 225mm/s. Under sinusoidal loading EDR was measured as 78% that is close to results for impact and 203 ballistic pendulum tests performed on healthy adults (79-90%) [27] . 204
Inverse Finite Element Analysis 205
The inverse FEA procedure was broken into multiple stages (associated with the different tissue 206 layers) as shown in Figure 4 . This procedure was used twice: firstly to estimate the hyperelastic 207 parameters and then to estimate the viscoelastic parameters. In this way, at each stage only two 208 material properties had to be found, which was done using the manual search technique summarised 209 in Figure 3 . The latter will be explained first before describing the multiple stages associated with the 210 different tissue layers. 211
The force-strain responses of the heel pad and its sublayers (Figure 6 ), obtained from the physical 212 tests, were used as inputs to the manual searches (the FEA model itself being driven by the 213 corresponding indenter motion profiles). Referring to Figure 3 , the comparison between experiment 214 and FEA was based on the RMS force error and the difference between maximum strains (calculated 215 using Excel). The RMS error was calculated as follows: 216
where and ′ are model predicted and experimental forces respectively, and k is the data point 218 index. In each manual search, the magnitudes of the adjustments made to the two material properties 219 (e.g. μ and α), for the current tissue layer, were chosen so that the FEA outputs moved gradually 220 towards the experimental results (RMS error decreasing). When the RMS error passed a minimum 221 and started to increase, the adjustments were halved and their sign changed. In this way, the minimum 222 RMS error was found. 223 In the first stage, the macro-chamber layer FE elements (i.e. a one layer model) were used to 227 determine first estimates of the macro-chamber material properties, which were assigned with initial 228 values of μ=0.016MPa and α=6.82 [7] . These properties were then adjusted using the manual search 229 procedure described above to optimise the fit with the experimental data for the macro-chamber layer. 230
This process was repeated for 21 iterations until no useful reduction was observed in the RMS error 231 (i.e. when the change in RMS error between the last two iterations was less than 0.2% of the 232 maximum force). The parameters determined at this stage were not the final values since they were 233 obtained in the absence of the constraints applied by the micro-chamber and skin layers in-vivo. 234 235 Figure 4 . Inverse FEA procedure for estimating the material properties of the macro-chamber, 237
micro-chamber and skin layers 238
In the second stage, the elements representing the micro-chamber were added to the model (i.e. a two-239 layer model was created). Micro-chamber properties were adjusted iteratively, starting from properties 240 derived for the macro-chamber layer, to optimise the fit with the experimental data for the combined 241 macro-micro layers. Additional constraints applied to the macro-chamber layer by the micro-chamber 242 layer inevitably affected the response of the macro-chamber layer. Therefore, the macro-chamber 243 behaviour was reviewed during each iteration alongside the adjustment of micro-chamber material 244
properties, its properties being varied to optimise the fit with the macro-chamber experimental data. 245
The process of adjusting the material parameters of the macro-chamber and micro-chamber layers was 246 repeated for 23 iterations until the objective functions of the macro-chamber layer and two-layer 247 model did not change significantly between iterations (i.e. when ΔRMS< 0.5% of maximum force and 248 Δmaximum strain<0.05% of maximum strain respectively). 249
In the final stage, the complete model incorporating macro-chamber, micro-chamber and skin layer 250 (i.e. a three-layer model) was used for estimation of the final values of the material parameters of the 251 heel pad sub-layers. Skin properties were adjusted in an iterative procedure, starting from properties 252 derived for the micro-chamber layer, to optimise the fit between predicted results for the complete 253 model and the experimental data for the entire heel pad. Additional constraints applied to the micro 254 and macro-chamber layers by skin layer. Therefore, the properties of micro and macro-chamber layers 255
were again adjusted at each iteration to optimise their individual fits to the experimental data. A total 256 of 71 iterations were required to reach convergence with ΔRMS error< 0.5% of maximum force and 257 Δmaximum strain< 0.02% of maximum strain for determination of hyperelastic material properties. 258
After determination of the hyperelastic material properties, the viscoelastic parameters of the heel pad 259 sub-layers were estimated. In total, 6 viscoelastic parameters had to be estimated, G 1 and β 1 for each 260 of the three heel pad sub-layers. The model was simplified as suggested by Hajjarian & Nakarni, by 261 adopting identical decay constants for the three heel pad sub-layers [28] . A similar procedure to that 262 used to obtain the hyperelastic material properties was followed (Figure 4 ) by fitting the FE predicted 263 results to the corresponding experimental force-strain data but now using the data from the rapid 264 compression tests (225mm/s). Two RMS force errors (one during loading and another during 265 unloading) were used to assess the quality of the model fit. This process was repeated until the errors 266 did not change significantly with further adjustment (ΔRMS force errors <0.7% of maximum force). 267 Table 2 shows the result of optimisation at each stage for the heel pad sub-layers. 268 
Validation 271
The loaded thickness of the heel pad measured from MRI and the peak plantar pressure under the heel 272 were used to validate the hyperelastic FE model. The loaded MRI was taken from the right foot of the 273 subject whose unloaded MRI data was used previously to build the heel pad model. A device was 274 developed to load and vertically compress the heel pad during MRI scanning. The load and 275 compression mimicked the loading in the STRIDE and the FE model. The device comprised of a 276 wooden foot support under the heel (rotated by ~17 into dorsi flexion) attached to a harness worn by 277 the subject during scanning. Elastic straps attaching the harness to the footplate were adjusted to 278 create tension and thus compress the heel ( Figure 5) . 279 280 Figure 5 . The heel pad loading device. L = force applied to plantar aspect of heel. 281
The applied load and pressure were measured using a Pedar pressure measurement insole system with 282 a resolution of 2.5-5 kPa (Novel.de, Munich, Germany) before entering the MRI scanner. Some pilot 283 measurements were performed before and after MRI scanning to ensure that using the heel pad 284 loading device provides consistent data out of and during MRI scanning. The force was measured for 285 17 sensors with total area of 3295mm 2 under the heel region. Larger insole than the foot size was 286 selected to ensure that not any load or pressure data of the heel is missed. The T1 MRI scans were 287 taken with 160×160 pixels and spacing of 5.5mm from the heel area in the coronal view. During the 288 MRI scanning, the subject was lying in the supine position. The loaded thickness was measured at the 289 image slice 29mm from the back of the heel, which was closest to the calcaneus tuberosity, and 34mm 290 from the lateral side. To predict the loaded thickness of the heel pad and plantar pressure in the FE 291 model, the indenter and load cell were replaced by a rectangular flat rigid plate. 292
To demonstrate that the viscoelastic FEA model could extrapolate from the results used to find the 293 material properties, different experimental results were used for validation, including results for rapid 294 compression tests at 141mm/s and sinusoidal loading. RMS errors between force-strain responses of 295 the heel pad during loading and unloading periods were used to evaluate the quality of the viscoelastic 296 FE model in reproducing the behaviour of the heel pad at rapid compression tests. 297
Results
298
Using inverse FEA, hyperelastic and viscoelastic material properties were obtained for the macro-299 chamber, micro-chamber and skin layers ( Figure 6 and Tables 3, 4 ). In Figure 6 visual inspection of 300 the graphs confirms that the heel pad and its sublayers show nonlinear behaviour under loading. For a 301 36.5% strain of the heel pad under slow compression, macro-chamber and micro-chamber strains 302 were 41.8 and 25.3% respectively. These values were 41.7 and 26.3% for macro-chamber and micro-303 chamber respectively, under rapid compression. During the hold period while the displacement was 304 kept constant, the load decreased illustrating the stress-relaxation characteristics of the tissue layers. 305
During unloading the heel pad and indenter lost contact around 20% strain. This can be explained by 306 the fact that the heel pad returned to its original shape at a slower rate than the indenter velocity. In 307 viscoelastic modelling, the maximum error was obtained at the middle portion of the loading period 308
where the Ogden material model was not able to simulate the nonlinear behavior of the tissue 309 accurately. 310 311 Figure 6 . Macro-chamber, micro-chamber and heel pad behaviour under slow and rapid 313 compression(data used for material properties estimation) 314 The hyperelastic model predicted the loaded (~315N) heel pad thickness within 6.4% of the thickness 323 measured via MRI. The hyperelastic model showed similar peak plantar pressure compared to the 324 experimental data from Pedar system. here (0.243MPa) [29] . Their micro-chamber layer modulus was 1.140MPa, almost twice the stiffness 345 reported here (0.698MPa). This is probably due to Hsu et al. combining the micro and much stiffer 346 skin layers together resulting in an apparent elevation in micro-chamber layer stiffness. Erdemir et al. 347
reported a much lower elastic modulus of 0.050MPa (SD 0.025) for a homogenous heel pad (i.e. all 348 three layers combined) using inverse FEA and in-vivo experimental data for 20 subjects [7] . The 349 values obtained here are outside their range and this is perhaps due to their use of an axisymmetric 350 rectangular heel pad model and compression system (a 25.4mm diameter indenter). Using an inverse 351 FEA method, a value of 0.300MPa was reported from impact testing of isolated heel tissue [11] , 352 which is comparable with the value for the macro-chamber layer reported here (0.243MPa). In 353 another case, elastic moduli of 0.003 and 6.528MPa were derived for the heel fat pad and skin 354 respectively, based on in-vitro and in-vivo experimental data [8] . The value for the skin layer of 355 6.528MPa is much higher than the value reported here (3.797MPa), but clearly represents a layer far 356 stiffer than macro and micro layers. The difference is likely due to the small value of 0.003MPa they 357 found for the fat pad based on experimental data from unconfined testing of isolated fat samples. here should only be compared to studies which used the same model. In this study α was 4.5, 4.9 and 364 5.6 for the macro-chamber, micro-chamber and skin layers respectively. Erdemir et al. reported a 365 value of 6.82 (SD 1.57) for the entire heel pad [7] . Values of 8.8 and 6.8 have been reported for the fat 366 pad and skin, respectively [8] . It is difficult to judge the appropriateness of direct comparisons since 367 so few participants are used in these experiments and models. 368
A time constant of ~8ms (reciprocal of the decay constant β) was found for all heel pad sub-layers. 369
Values of 1 and 2ms were reported from inverse FEA using compression data of cadaveric intact heel 370 pads [12, 30] . However, they used experimental data collected from a different foot than that used to 371 build the model geometry. In another case, the time constant was 500ms for the heel pad (from 372 experiments on dissected fat pad samples) [13] ; a result that may have been affected by dehydration 373 of the sample. 374
The relaxation modulus is represented differently in different FEA software making comparisons 375 difficult. While Ls-Dyna uses shear relaxation modulus (G 1 ), ABAQUS uses relaxation coefficient (g) 376 which is equal to G 1 /G∞+G 1 . G∞ is the long-term shear modulus and it is ≥ and macro-chamber respectively. In this study, g complies with the general rule (i.e. is between 0 and 382 1) and from skin to macro-chamber, the viscoelastic behaviour of the materials increases. Previously g 383 was reported as 0.99 using inverse FEA [12, 30] , representing a highly viscous heel pad. 384
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